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ABSTRACT

Amplitudes of Rayleigh waves generated by some southern
Nevada nuclear explosions and cavity collapses were analyzed.
The Rayleigh amplitude radiation patterns for all the explo-
sions and cbllapses investigated were found to be similar within
the expected variation of 30% due to calibration and measure-
ment errors. The primary factor affecting the Rayleigh amplitude
radiation patterns of the explosions was found to be the effect
of the -earth structure along the travel paths from source to
receivers, with the effect of any tectonic strain release being
small., The amplitude correction for the travel path to each
recording station was determined, and used in the evaluation of
the source mechanisms of four southern Nevada earthquakes. Use
of the amplitude corrections can improve the estimate of surface
wave magnitude.
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INTRODUCTION

The importance of reaching a full understanding of the
nature of earthquake and explosion source mechanisms has promp-
ted many source function studies. To investigate the source
function, these studies have utilized vario ‘. properties of
seismic waves such as: the first motion of body phases (see the
review by Honda, 1962), the phase of surface waves (Aki, 1960a,
1960b, 1969c, 1964a, 1964b; and Ben-Menahem and Toks6z, 1963),
and the amplitude of surface waves (Aki, 1964b; Brune and
Pomeroy, 1963; Smith, 1963, Toksdz et al, 19684, 1965; and
Toks6z and Clermont, 1967).

In the present study, the source mechanisms of some southern
Nevada nuclear explosions, cavity collapses, and earthquakes
were investigated using amplitudes of long period Rayleigh waves.
. The amplitudes were measured in the time domain, with usually
the cycle with the largest amplitude being selected for measure-
nent. Southern Nevada was chosen as the source area for this
study, because it includes the Nevada Test Site (NTS) at which
many nuclear explosions have been detonated, and because it is a
moderately active seismic region, with most of the earthquakes
being of shallow focus. This source area is centered in the
western United States, which is a region of great structural
complexity.

_ To employ amplitudes of seismic waves in a study of seismic
sources, the effects of the earth's structure between the sbprce
and each receiver first must be determined. These effects were
found to be considerable, and they indicate variations in the
crustal and upper mantle structure between th? source area and

the stations used in this study.

Source radiation patterns were determined using Rayleigh wave



amplitudes corrected for the source-to-receiver path effect.
These source radiation patterns and their implications for
magnitude computations are discussed.
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RAYLEIGH RADIATION PATTERNS FOR
NTS EXPLOSIONS AND COLLAPSES

Rayleigh waves from some NTS explosions recorded by a net-
work of seismic stations were examined to determine if the
Rayleigh wave amplitudes measured in the time domain could be
represented by the product of an event (source) amplitude factor
and a station (total path effect) amplitude factor. This product
may be written in the form:

Ayy = EsSs (1)

where Aij is the measured amplitude of a seismic phase recorded

at the j'th station for the i'th nuclear explosion, Ei is an

event amplitude factor and Sj is a station amplitude factor
representing the effect on the measured amplitude of the earth
structure along the entire travel path from source to station.

If the amplitudes of seismic signals from a set of nuclear
explosions satisfy equation (1), it is implied that the explo-
sions will all have essentially the same source radiation pattern,

and will differ from each other only in the total amount of energy
released., If this radiation pattern which is common to all the
explosions is not circular, the station amplitude factors will
represent both the path effect due to earth structure and the
variation with azimuth in the amount of energy propagating from
the source. The magnitudes (mb) of the explosions and collapses
investigated differ from eiach other by less than 1.5. Therefore

spectral changes associated with source yield changes are not
significant in the period range being considered (greater than
eight seconds). To employ equation (1), the amplitude of the

same cycle in the signal need not be measured at all stations for
a given explosion, but for a given station the same cycle of



motion must be measured for all explosions.

" Amplitudes of Rayleigh waves from the NTS explosions AUK,
BILBY, BRONZE, CUP, KLICKITAT, and WAGTAIL were analyzed to
determine if equation (1) could be applied, The epicenter coor-
dinates and magnitude (mb) of each of these explosions are
listed in Table I, and their relative locations are shown in
Figure 1.

The recording stations used were in the distance range
294 km to 2343 km. Seismic data from stations closer than 294 km
were not included in the analysis because the instruments at
these close stations were found to be frequently overdriven by
the surface waves, with the result that amplitude and period
measurements are very unreliable,

The amplitude and period values for the Rayleigh waves were
obtained from station films. Figures 2 and 3 give an example of
Rayleigh signals from each of the seismic stations used in this
study with the cycle measured at each station indicated. At any
given station, the Rayleigh signals were found to be similar for
all explosions which were of sufficient magnitude to be recorded
with a high signal-to-noise ratio. (The only possible exception
we have found is Hardhat at HL-ID which is discussed in a later
section.) The similarity in signal waveform is shown in Figure 4
for the seismic stations DR-CO and WO-AZ. The signals given in
Figures 2 and 3 therefore serve as an example of the Rayleigh
signal from an NTS explosion recorded at each of the stations
used in this study. Because of the similarity of the Rayleigh
signals, the difference between periods measured for all explo-
sions at any given station was usually less than two seconds as
shown by the tabulated measurements for each event given in the
appendix,

Errors in amplitude and period measurement of the Rayleigh



signals can be quite large, and can arise from several sources.
The field calibration of the instruments is usually not claimed
to be better than *+ 15%, and may be worse. Reading errors and
errors due to the presence of seismic noise also contribute to
the total measurement error. It was found that only a small
amount of seismic noise was sufficient to cause an error in the
measured period of one or more seconds. The correction for the
amplitude response of the seismograph system can be greatly in
error if the measured period is in error. The percent error in
the instrument-corrected amplitude value due to a + 1.0 second
error in the period is shown in Figure 5 for the LRSM long-period
system. The imp. rtance of obtaining accurate period measurements
is evident. von Seggern (1969) also noted the errors introduced
in making period measurements., Based on Figure 5, we consider

the uncertainty in the calculated amplitudes to be * 30 per

cent for most stations. Calculation of spectral amplitudes from
calibrated seismic data would eliminate some of this uncertainty,
but this process is very time consuming if many signals are to

be analyzed.

1/2

All Rayleigh amplitudes were scaled by (sind) where A is

the great circle distance between epicenter and station. The

factor (sinA)l/2

is an amplitude correction for spreading of
surface waves over a sphere. This correction is not necessary for
the determination of the Rayleigh wave radiation patterns if the
present analysis technique is used, and so application of this

scale factor is arbitrary.

To determine event amplitude factors Ei and station amplitude
factors Sj from a set of measured amplitudes Aij’ equation (1)
was written in logarithmic form:

In Aj; = In By + In S, (2)

Using equation (2) for each station recording each event consid-
ered, the least squares solution for the terms 1n Ei and 1n Sj



was determined. The stations used in the analysis for each explo-
sion are shown in Figures 6 through 11. These figures also show
the total number of stations recording long period data in the
distance range under consideration and indicate why some data

was not available for measurements. Each station had to record

at least two of the explosions being analyzed to be included in
the station amplitude factor determination procedures. Because

of the error introduced in the measurement of the periods, equa-
tions (2) were not only solved using values of Ai' corrected for
the instrumental (period) response but also using values of Aij
with no correction #u»r instrumental response (the amplitudes were
of course still corrected for the gain of the seismograph system
at its calibration period of 25 seconds). This procedure is
valid since the instrumental response remained the same at each

station and since there is an obvious similarity of signals from
all explosions recorded at any given station.

The event amplitude factors Ei and station amplitude factors
S. determined with equation (2) were scaled by arbitrarily setting
the station amplitude factor for DR-CO to a value of 50. The
scaled event amplitude factors for the cases of Aij both corrected
and not corrected for instrumental response are presented in
Table II along with the corresponding Rayleigh wave station ampli-
tude factors.

For each nuclear explosion, the adjusted amplitudes Aij were
formed, where

[} " 3
Aij Aij/hisj (3)
The adjusted amplitude patterns for the explosions are shown in
Figures 12 through 17 for A corrected for instrumental response
and in Figures 18 through 23 for Aij not corrected for instrumental

response.




The patterns computed using station amplitudes corrected
for instrumental response (Figures 12 through 17) do not deviate
from a unit circle to an extent greater than that which can be
attributed to the measurement and calibration errors, This
indicates that the Rayleigh wave source radiation patterns of
the explosions investigated are identical to within the expected
error in amplitude and so application of equation (1) is legiti-
mate. One dominant type of source mechanism seems to be generating
most of the observed Rayleigh wave energy for the nuclear explo-
sions studied. As noted previously, this common radiation pattern

may not be circular,

Employing station amplitudes not corrected for instrumental
response in the calculation of amplitude radiation patterns
(Figures 18 through 23) decreases the deviation of the data
points from the unit circle., The consistency of this reduction
of scattering about the unit circle for each explosion is in
agreement with the observation of the similarity of Rayleigh
signals at each station and is a further indication that errors
are being introduced in making the period measurements.

The same analysis technique used to investigate the radiation
patterns of the nuclear explosions AUK, BILBY, BRONZE, CUP,
KLICKITAT, and WAGTAIL was next applied to two events: BILBY
and the BILBY collapse. Since these two events were analyzed using
a least squares procedure with equation (2), only those stations
receiving signals from both BILBY and the BILBY collapse with a
usable signal-to-noise ratio could be included in the determi-
nation of the event and station amplitude factors, These stations
are shown in Figures 24 and 25.

Rayleigh signals from the collapse of a nuclear explosion
are known to be 180° out of phase with the Rayleigh signals
generated by the explosion itself (Brune and Pomeroy, 1963;



Smith, 1963; and Toksdz et al, 1964). Examples of this phase
relationship are shown in Figure 26 for three nuclear explosion-
collapse pairs with the collapse signal shifted 180°, Measure-
ments of all collapse signals were made therefore only after
first shifting these signals through 180°. The same cycle of
motion as measured for the signal from a nuclear explosicn at
any given station was then also measured for the signal from a
collapse. The similarity of the Rayleigh explosion and collapse
signals as shown in Figure 26 indicates a similarity in the
spectra of the two events in the period range of ten to twenty
seconds. At periods shorter than ten seconds, explosions generate

relatively more energy than collapses.

Using equation (2), event amplitude factors Ei and station
amplitude factors S. were determined and scaled by setting the

station amplitude factor for DR-CO to a value of 50. The scaled
event amplitude factors for BILBY and the BILBY collapse determined
by solving equation (2) using first Aij values corrected and then
Ai' values not corrected for instrumental response are given in
Table III together with the corresponding Rayleigh wave station
amplitude factors, Comparison of these station amplitude factors
with those given in Table II shows agreement to within the

expected error, with better agreement existing between the ampli-
tude factors computed with no correction for instrumental

response.

The event amplitude factors and station amplitude factors
wer2 used to determine the adjusted amplitude values Aij defined
by equation (3). These values were then plotted giving amplitude
patterns which are shown in Figures 27 and 28 for Ai' corrected
for instrumental response and in Figures 29 and 30 for Aij not
corrected for instrumental response. These patterns do not deviate
from a unit circle more than the expected error in the individual
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amplitudes, and so the radiation pattern of the explosion can

be considered to be the same as that of the collapse to within
the measurement error. This similarity between the explosion

and the collapse radiation patterns indicates that very little
tectonic strain release in the form of Rayleigh wave energy
occurred during the nuclear explosion since cavity collapses

are believed to release little if any tectonic strain energy.

The tectonic component of energy in the Rayleigh waves from the
BILBY explosion must then be less than 40%. This agress with

the observed similarity in the waveform between signals generated
by BILBY and signals generated by the BILBY collapse (shiftzad
180°). Argument for a tectonic strain component in the Rayleigh
wave signals generated by BILBY would be principally for the
purpose of explaining the observed Love waves generated by the
explosion (e.g. Tokséz and Clermont, 1967, Lambert et al, 1970c).
The tectonic component in the Rayleigh wave signals for the

BILBY explosion was found to be approximately 33% by Toks©z and
Clermont (1967) and Lambert et al (1970c) using theoretically
computed Love to Rayleigh amplitude ratios. It is not known at
present whether tectonic strain release is the mechanism producing
the Love waves (Kisslinger et al, 1961; Press and Archambeau,
1962; Kim and Kisslinger, 1967; Geyer and Martner, 1969; and
Archambeau and Sammis, 1970).

The similarity previously found between the radiation pattern
of BILBY and the AUK, BRONZE, CUP, KLICKITAT, and WAGTAIL radi-
ation patterns indicates that the Rayleigh wave signals from these
explosions also had little if any tectonic component, This is in
agreement with the similarity in waveform of Rayleigh waves
from all these explosions as recorded at any given station.
Therefore the station amplitude factors Sj determined for these
explosions can be considered to represent primarily the effect of



earth structure along the travel path on the observed amplitudes

with the effect of an azimuthally dependent source radiation
pattern being minor. The variation in these station amplitude
factors is evidence then for the strong influence of a complex
earth structure on the amplitudes of Rayleigh waves in the

nine to twenty second period range. Computation of the true
amplitude response of the earth along a given path by theoretical
means through the use of an earth model (e.g. Toksdz et al, 1964)
thus becomes very difficult and will probably fail to predict

many of the observed amplitude variations. In particular, there
are observations in the western United States of apparent negative
Q (where amplitudes increase with distance, probably due to refrac-
ted energy), which arenot predicted by most models. An example

of such apparent negative Q may be found along the eastern

profile from the RULISON explosion detonated in western Colorado.
(Lambert and Ahner, 1970a.)

An explosion believed to be accompanied by a large release
of tectonic strain is the HARDHAT explosion (Brune and Pomeroy,
1963; Aki, 1964b; and Toks6z et al, 1964). Although a large
number of LRSM stations recorded the HARDHAT explosion, many of
these stations did not record any other large NTS explosions.
The nuclear explosion AARDVARK was recorded by a number of the
same stations which recorded HARDHAT (Figures 31 and 32) and so
AARDVARK and HARDHAT were selected to be analyzed together,
following the same procedure as previously described. Unfortu-
nately the signal to noise ratios for AARDVARK and HARDHAT
Rayleigh signals are not as high as for many of the larger
events (see the HARDHAT Rayleigh signals in Figure 33).

In the analysis the station amplitude factor for DR-CO was
again set equal to 50. The event amplitude factors and the station
amplitude factors are given in Table IV. The radiation patterns

-10-




determined are shown in Figures 34 and 35 for Aij corrected for
instrumental response and in Figures 36 and 37 for Aij not
corrected for instrumental response. These patterns show some
scatter which is less in the case of no instrumental correction
to Ai" The points in brackets indicate a poor signal-to-noise

ratio for the PT-OR HARDHAT signal.

The Rayleigh amplitudes considered by themselves do not
seem to require a large tectonic component of energy. However,
the Rayleigh signals from HARDHAT received at stations to the
north (e.g. HL-ID and PT-OR) and to the southwest of NTS may be
180° out of phase with respect to Rayleigh signals recorded at
the same stations from other explosions (Toksdz, et al, 1964),
The HARDHAT Rayleigh signal recorded at HL-ID (Figure 33) when
compared to the HL-ID recording shown in Figure 2 seems to be
out of phase. The only reasons for adding a significant tectonic
force to the explosive source are this phase reversal and the
fact that Love waves were generated by the HARDHAT explosion.
The Rayleigh amplitude pattern apparently was not greatly influ-
enced by this tectonic component. This is in agreement with theory,
which suggests that for a horizontal strike-slip fault, much
more Love wave than Rayleigh wave energy will be generated in
most directions from the source (5.S. Alexander, personal communi-

cation).

As a further investigation of the amplitude patterns for
collapses, the following set of events was chosen: CORDUROY
collapse, DUMONT collapse, HALF BEAK collapse and DUMONT explo-
sion. These events were analyzed using the same techniques
previously described. Since DR-CO was not one of the stations
recording these events, the station amplitude factor for TFO
was scaled to be the same as given in Table II in order to
make the station amplitude factors for this set of events

-11-



compatible with the station amplitude factors previously
determined for other sets of events (i.e., with the factors
given in Tables II, III and IV). The stations used in the

analysis are shown in Figures 38 through 41. The event ampli-
tude factors and the station amplitude factors determined are
listed in Table V. Radiation patterns computed with Aij
corrected for instrumental response are shown in Figures 42
through 45 and with Ai' not corrected for instrumental response
in Figures 46 through 49,

Figures 42 through 45 show the CORDUROY collapse, HALF BEAK
collapse and DUMONT explosion to have the same amplitude radia-
tion pattern, and the DUMONT collapse to have some deviation
from a unit circle in the northeast direction. The amplitude
radiation patterns computed with no instrumental correction to
the Aij values (shown in Figures 46 through 49) differ less
from a unit circle than the radiation patterns given in Figures
42 through 45. The deviation of the DUMONT collapse amplitude
pattern (Figure 47) from a unit circle is also less. Therefore,
with the possible exception of the DUMONT collapse, no signi-
ficant difference between the explosion and the collapse ampli-
tude radiation patterns for Rayleigh waves in the 9 to 20 second
period range was found.

Since the station amplitude factors determined represent
primarily the effect of the crustal and upper mantle structure
on the amplitudes of Rayleigh waves propagating from southern
Nevada, contours of these amplitude factors should indicate
the actuval amplitude "attenuation' to be expected for a Rayleigh
wave propagating from the southern Nevada area. The Rayleigh
wave amplitudes seem to be very dependent on the crust and upper
mantle structure, and so the term attenuation is employed here
to mean the actual decay in the amplitude of a Rayleigh signal

-12-




due to all the effects of earth structure along the path from
southern Nevada to the recording station. Station amplitude
factors for measured signals with periods of 12-13 seconds
(within the range of 11.5 to 14.0 seconds) were contoured and
are shown in Figure 50. These contours show a lower attenua-
tion in the northeast direction between the Northern and
Southern Rocky Mountain Ranges and in the southeast direction
across the Colorado Plateau and through northern New Mexico

and Texas. A region of high attenuation exists in ceatral
Arizona. For Rayleigh waves propagating across this region,

the earth would appear to have a negative Q because of the
amplitudes recorded at stations beyond this region being larger
than the amplitudes recorded within the region. The contours in
the northeast direction are not as certain as those in the
southeast because of the smaller amplitude differences between
the northeast station factors. If the density of stations were
greater, more detailed structural variations would probably be
evident. The strong influence of the structure .on the ampli-
tudes of surface waves has been noted previously by Pasechnik
(1962) in a study of body and surface wave amplitudes measured
at Russian stations. He found that the nature of the geological
structure in the district of the recording station affected the
magnitude determined from the surface waves.

The velocity of S waves in the crust and upper mantle can
be expected in general to be low where there is high Rayleigh
wave attenuation and high were there is low attenuation. Contours
of S wave time anomalies (adapted from Hales and Roberts, 1970)
are shown in Figure 51 together with the Rayleigh wave station
amplitude factor contours. There is a strong agreement in the
low attenuation-high velocity region in the northeast direction
from NTS and in the high attenuation -- low velocity region in
tEﬁtin\Kfizona. Both LRSM and WWSSN stations were used in the

-13-



Hales and Roberts study. Although Hales and Roberts used a
greater number of stations, they did not find much more complexity
in earth structure than is shown in our station amplitude factor
contours. The more'significant seismic features of the Western
United States are probably revealed by Figures 50 and 51 (e.g.

the high and the low attenuation regions discussed above).
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RAYLEIG! RADIATION PATTERNS FOR
SOME SOUTI! NEVADA EARTHQUAKES

Rayleigh wave amplitudes were used to investigate the
radiation patterns of four southern Nevada earthquakes. The
locations of these events are shown in Figure 1, and their
coordinates (from the USC§GS) are given in Table VI, The earth-
quake amplitudes were scaled by (sin[\)l/2 and adjusted ampli-
tudes were then computed using equation (3) with the event scale
factors E; set equal to one and the station amplitude factors
Sj taken from Tables II and‘V. In this way the effect on the
Rayleigh amplitudes of the path from southern Nevada to each
of the stations was removed. The stations recording Rayleigh
signals for each of the four earthquakes are shown in Figure 52.
Figure 53 shows the Rayleigh signal recorded at CR-NB for eacn
of the earthquakes with the time of measurement indicated. The
adjusted amplitude patterns are given in Figures 54 through 57,
Except for the earthquake of 18 August 1966 (09:15Z), the
Rayleigh signals measured at each station had approximately
the same period as signals from NTS explosions measured at
these stations (see the period values given in the Appendix).
For the 18 August 1966 (09:15Z) earthquake, longer periods
were measured for the Rayleigh signals recorded at TFO, WN-SD
and RK-ON.

The amplitude patterns given in Figures 54 through 57 -are
similar to each other, indicating that the source mechanisms of
the earthquakes are also similar. The radiation pattern for
each earthquake has a prorounced lobe in the northeast and in
the southeast direction. Except for the 18 August 1966 (09:15Z)
earthquake, the radiation patterns using amplitudes corrected
for the instrumental response show the same patterns as obtained
using amplitudes not corrected for instrumental response. The
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source radiation pattern of each of the earthquakes is obvious
from the Figures 54 through 57 with the superimposed "structural”
radiation pattern having been removed. The ratio of the largest

to smallest amplitude for each source radiation pattern is much
greater for the earthquakes than for any of the explosions
investigated. Therefore, the true source radiation pattern for
Rayleigh amplitudes appears to be a good discriminant between
explosions and earthquakes occurring in southern Nevada.
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SURFACE WAVE MAGNITUDE

A better estimate of the magnitude of an earthquake or an
explosion can be attained if the variations in the measured
seismic wave amplitudes due to lateral differences in physical
properties of the crust and upper mantle can be removed. Using
the station amplitude factors (Tables II, III, IV, and V) and
equation (3), the effect on surface wave amplitudes of earth
structure can be eliminated for any southern Nevada event. The
same technique is of course applicable to any region which has
been '"calibrated" by nuclear explosions.

As seen from the explosion and collapse amplitude patterns,
the average deviation from a unit circle in the adjusted ampli-
tudes is less than + 30 per cent. We may assume this to be the
20 level. Therefore with 95% confidence the logarithm of an
event amplitude factor for an explosion or collapse will be
within the range. '

(7]

: 0.33
log (hi - = Ei) to log (Ei +

YN

0.3 E.) (4)

.

where N is the number of stations used.

In Figure 58, all cvent amplitude factors for explosions
computed using measured amplitudes corrected for instrumental
response are presented, and the best fit straight line is:

log Ei = 1.46 my - 6.37 (5)
where the my values have been obtained from the shot reports (Air
Force Technical Applications Center, 1962; Clark, 1963a,b; 1965a,b,c;
1966a,b,c). The same event amplitude factors are plotted against
Evernden's adjusted body wave magnitudes mg (Evernden, 1967) in
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Figure 59, with the best fit straight line:

log E; = 1.24 mg - 4,90 (6)
Equation (6). is therefore a relation between magnitudes computed
using body wave amplitudes corrected for local changes in earth
structure and event amplitude factors calculated using Rayleigh
amplitudes corrected for the effect of structure along the

travel path. A relationship may be similarly attained (Figure 60)
between the event amplitude factors and adjusted surface wave
magnitudes Ms (Von Seggern, 1969):

log E; = 1.17 M_ - 3.86 (7)

Using Equations (6) and (7), a relationship between the
magnitudes Mg and m, can be derived with both magnitudes being
adjusted for distances less than 15°:

M, = 1.06 m§ - 0.89 (8)

This relationship may be compared with that found by Lambert
and Alexander (1970b):

M, = 1.04 m§ - 0.74 (9)

Marshall (1970) derived from theoretical considerations, using
a homogeneous semi-infinite solid with the properties of granite
. as an Earth model, the relation:

M=1.0 my - 1.6 (10)

where M is the surface wave magnitude determined for distances

greater than 15°,
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From the range of values given in equation (4), it can be
seen' that the mg and M., values for all explosions obtained from
equations (6) and (7) (assuming the slopes and intercepts to be
correct) will be (with probability 95%) within -0.08 to + 0.07
of the true value for N equal to 4, This is better by a factor

of five than many of the my determinations given in the shot
' reports. Analysis of a large number of NTS explosions using a
greater number of stations should, of course, result in a more
accurate slope and intercept values for equations (6) and (7)
and a smaller range of values for the event amplitude factors.

The source radiation pattern of an earthquake along with the
seismic station distribution about the source can strongly affect
the magnitude assigned to the earthquake (Von Seggern, 1970).
Perhaps the best method of attaining the magnitude of an earth-
quake is by first determining the source radiation pattern. Again,
this can best be accomplished if t'ie effect of the earth struc-
ture along the travel path has been eliminated from the amplitude
values.
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CONCLUSIONS

For all the southern Nevada explosions and collapses inves-
tigated, it was found that the Rayleigh wave amplitude recorded
at any given station could be represented by the product of an
event amplitdde factor and a station amplitude factor. The
station amplitude factors were determined to represent primarily
the effect of earth structure along the travel path on the
observed amplitudes, with any non-circular source radiation
pattern having a minor influence. The Rayleigh wave amplitude
radiation patterns for all the explosions and collapses were
found therefore to be similar within the expected variation of
30% due to calibration and measurement errors. Contours of the
station amplitude factors reveal the actual Rayleigh wave attenua-
tion across the western United States for seismic sources in
southern Nevada. Amplitude radiation patterns (corrected for
the effect of the earth structure along the travel paths) of
four southern Nevada earthquakes reveal strong lobes in the north-
east and southeast directions. Application of the station ampli-
tude factors to all measured Rayleigh signals from events in the
southern Nevada region should reduce the scatter of the amplitude
values and allow a better estimate of event magnitude to be made.
Determination of the true source radiation pattern (found by
eliminating the superimposed "structural" radiation pattern)
should serve as a discriminant between earthquakes and explosions.
In future studies, in order to obtain as a function of frequency
the station amplitude factors and also, therefore, the attenua-
tion across a given region, spectral amplitudes should be
computed for each Rayleigh signal.
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TABLE I1
Station and Event Amplitude Factors for Rayleigh Waves Computed
for Stations Recording the Nuclear Explosions AUK, BILBY, BRONZE,
CUP, KLICKITAT and WAGTAIL

Station Amplitude Factor Station Amplitude Factor
(Instrumental Correction (Instrumental Correction
Station made to Aij) .not made to Aij)
BX-UT 69.1 70.8
CP-CL 164.5 65.6
DR-CO 50.0 50.0
FR-MA 45,2 29,1
GE-AZ 133,5 58.7
GV-TX 96.4 62.0
HL-1ID 59.0 41.4
HIR-A2Z 216.0 67.9
JR-AZ 79.7 75.9
LC-NM 193.8 73.4
LG-AZ . 89,6 75.7
NL-A2Z 171.2 87.6
RK-ON 28,7 15,2
RT-NM 49,1 42,2
SG-AZ 204.7 62.3
SK-TX 29.9 36.5
SN-AZ 155.0 58.6
TFO 49,1 48,7
WO0-AZ 165.2 78.2
Event Amplitude Factor Event Amplitude Factor
(Instrumental Correction (Instrumental Correction
Event made to Aij) not made to Aij)
MK 4,83 2.74
BILBY 142,19 76.89
BRONZE 20,97 12,05
cup 16.14 ) 8.51
KLICKITAT 9.63 4.60
WAGTAIL 14,46 7.60



TABLE 111
Station and Event Amplitude Factors for Rayleigh Waves
Computed for Stations Recording the Nuclear Explosion BILBY
and the BILBY Collapse

Station Amplitude Factor Station Amplitude Factor
{(Instrumental Correction {(Instrumental Correction
Station made to Aij) not made to Aij)
CP-CL 131.4 ' 56.6
MV-CL 133.5 57.6
BX-UT 61,8 64,3
DR-CO 50.0 50.0
HL-1ID 75.1 43.3
RT-NM 50.3 45.9
FR-MA 49,2 37.9
TK-WA 35.2 35.0
SK-TX 36.0 . 37.6
DU-0K 23,9 28.8
Event Amplitude Factor Event Amplitude Factor
(Instrumental Correction (Instrumental Correction
Event made to Aij) not made to Aij)
BILBY 141,52 77.15
BILBY COLLAPSE 8.96 6.31
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TABLE 1V

Station and Event Amplitude Factors for Rayleigh Waves Computed for
Stations Recording the Nuclear Lxplosions AARDVARD and HARDIAT

Station

DR-CO
1HL-1D
PT-0OR
LC-NM
LP-TX

Event
AARDVARK
HARDIIAT

Station Amplitude Factor
(Instrumental Correction
made to Aij)

50.0
46,7
70.6
218.1
78,9

. Event Amplitude Factor

(Instrumental Correction
made to Aij

Station Amplitude lactor
(Instrumental Correction
not. made to Aij)

50.0
43.2
62,7
98.2
78.9

Event Amplitude Factor
(Instrumental Correction
not made to Aij)

11.19
3.12

4.49
1.64



TABLE V
Station and Event Amplitude Factors for Rayleigh Waves Computed For
Stations Recording the Collapse of the Nuclear Lxplosions
CORDUROY, DUMONT, and HALF BEAK and the DUMONT Explosion

| Station Amplitude Factor Station Amplitude Factor
] (Instrumental Correction (Instrumental Correction
Station made to Aij) not made to Aij)
CR-NB 105.8 71.3
JP-AT 76.2 49,7
! KC-MO 57.1 55.4
RG-SD 63.4 48.0
SW-MA 52,1 36.5
TFO 49,1 48,7
WN-SD ‘ 32,2 42,2
]
J
¥ Event Amplitude Factor Event Amplitude Factor
(Instrumental Correction (Instrumental Correction
Event made to Aij not made to Aij
CORDUROY COLLAPSE 13,24 6.46
DUMONT COLLAPSE 9.35 5.81
HALF BEAK COLLAPSE 12,93 8.44
DUMONT 42,67 19,39
5>U




TABLE VI
Source Parameters of Some South Nevada Earthquakes

North West Magl’n‘it"de Depth
Latitude Longitude Date Time b km
37°18! 114°06' 18 Aug 66 09:15:34.9 5.1 9
37°24" 114°12°' 18 Aug 66 17:35:06.4 5.2 33
37°24! 114°06°' 19 Aug 66 10:51:38.5 4,5 11
37°18" 114°12°' 22 Aug 66 08:27:30.2 4.8 33
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Epicenters of some south Nevada nuclear explosions
and earthquakes.
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Figure 3. Rayleigh signal generated by the NTS explosion
BRONZE as recorded at the TFO array (LZ1).
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Figure 4. Rayleigh signals recorded at the seismic stations
DR-CO and WO-AZ from several NTS explosions.
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Figure 13. Rayleigh radiation pattern for the nuclear explosion
BILBY using amplitudes which were corrected for the
instrumental response. 44
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Figure 14. Rayleigh radiation pattern for the nuclear explosion
BRONZE using amplitudes which were corrected for
the instrumental response.
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Figure 16. Rayleigh radiation pattern for the nuclear explosion
KLICKITAT using amplitudes which were corrected for
the instrumental response.
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WAGTAIL using amplitudes which were corrected for the
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Figure 20, Rayleigh radiation pattern for the nuclear explosion
BRONZE using amplitudes which were not corrected for
the instrumental response,
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Figure 21. Rayleigh radiation pattern for the nuclear explosion
CUP using amplitudes whicl were not corrected for the
instrumental response,
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Figure 26. Rayleigh signals from NTS nuclear explosions and
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Figure 27. Rayleigh radiation pattern for the nuclear explosion
BILBY using amplitudes which were corrected for the
instrumental response,
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Figure 28, Rayleigh radiation pattern for the collapse of the
nuclear explosion BILBY using amplitudes which were
corrected for the instrumental response.
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Figure 29. Rayleigh radiation pattern for the nuclear explosion
BILBY using amplitudes which were not corrected for
the instrumental response.
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Figure 33. Rayleigh signals generated by the NTS explosion
IIARDHAT recorded at some LRSM stations.

64



340°
330¢
320¢,
RAYLEIGH “
sioe | RADIATION 12— soe
AARDVARK
300° N _A60°
290° |_ PiT
280° ~— — 80°
270° — —190°
260° I— —~100°
250° ~uo°
240'/ N 120°
230° d \ 130°

|
2y Tl o=

Figure 34. Ra);leigh radiation pattern for the nuclear explosion
' AARDVARK using amplitudes which were corrected for
the instrumental response,
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Rayleigh radiation pattern for the nuclear explosion
HARDHAT using amplitudes which were corrected for the
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Figure 37, Rayleigh radiation pattern for the nuclear explosion
HARDHAT using amplitudes which were not corrected
for the instrumental response.

68



*A0dNaQU0d
uorsordxa aearonu ayi jo asdeyrroo ayl woay LBisus

dTustas poriad Juor Suipiodd1 SUOIIBIS JO UOIIEDOT *8¢ aanidt4g

W mOME FTEVNIVLLY LON INIRINNSYIN

LNIMAHNEY 3N
IDNLTCTANY THHVOTEE 7 W04 BO0d4 O0L WSS

MG STENED WO HLIM NOWLYLS GEHL LY O30R003H
B QITLTVNY DRGE NOSOTHET LD DN

OFENSYIN TYNSS HOEAre

69




*LNOWNA
uorsordxs 1eardnu syi jo asderron ayz woxy LB8ious

DIUSI3s potidd Fuol SUTIPIODSI SUOTIIBIS JO UOTIBDOT *6¢ 2and1g
Wik i IAVRIVLILAY LON INANIWNSTIA 2@

ANIMIHNSYIN
FONLCSY TIEYCTEM Y B0 004 001 NS @

NrFS FTEFSN W Wl NMOIMLE SIHL 1Y 0300038
Bl DETLATNY SHOE MOSO02E3 WIHL0 O ©

JANNSVEN TTRME oI T @

] s
F.Il.lll.. -
l- [}
.—||-||1.-Il e
frain Sy
.“ H I
| |
{ !
g el e [T

' "

dr e




"NvId AdTVH
uorsoydxs udesrsnu 2yl jo asdepiod syl wcij LSisus
Jtustas porasad Suoy SuTpionax SUOTIEBIS JO UOIIBDIOT °(Op 2andryg

W FeDld TIEWNITLLY LON INININNSY TN

ANIREENST 4N
AGNLMSNY TR TN ¥ 80y B00e 004 WS

R THWEN ¥ HLIM NOLLWLE Sl LY G308005u
e IZTATWNY DNIZE WOEOTLES HIHLID ON

A
rd - _. GINSYEA TURDTE WD v
B - .l||-.l-|.l|l.|f-.
: X a :
“ i
. i -
..a_. .ml : “ i -]
i ' ' Qdi
IuLu-l..\.-u__! ! i “ |
ot ! ._
e e b vt S .
£ " ., e S
! " m.__
ey el i
8
R, -

|
e LS

— e




* INOWNQ uotrsordxd Je&Ionu 9yl woujy A3x9ud
stustas potxad Suol SurpIoddl SUOIIELIS FO UOTIEd07]

*1p @andtd

WS NOHd IWVNNLLY LON IHINIENEYIN &

AMINIHNSYIN
AGNLITSWY INEYITIN ¥ B0d W00d DOL WE g

S OTTEVEN ¥ MlM NOUWLS Sedl LY 030003
) GHZATVNY OMGE NOEDTHET H4FHLG ON o

OFUNEYIN TYNDIE HDITTANH »
- TEFSITT

K-

e ...arH".. ,
: :i.:r‘.
[}

: !

[

] .-
............. I __ ﬁ__,.

r——
- -
}

e =l
MM __

dlre




RAYLEIGH
sor|_RADIATION re— sor
CORDUROY .
COLLAFSE -
300° K. ~€0°
240°” 20
230° |’ N 130°

aoo*

i
190°¢ 180 ITo*

Figure 42. Rayleigh radiation pattern for the collapse of the
nuclear explosion CORDUROY using amplitudes which
were corrected for the instrumental response.
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Rayleigh radiation pattern for the collapse of the
nuclear explosion HALi BEAK using amplitudes which
were corrected for the instrumental response.
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DUMONT using amplitudes which were corrected for the
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Figure 46, Rayleigh radiation pattern for the collapse of the
nuclear explosion CORDUROY using amplitudes which
were not corrected for the instrumental response.
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Figure 47. Rayleigh radiation pattern for the collapse of the
' nuclear explosion DUMONT using amplitudes which were
not corrected for the instrumental response.
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Figure 48, Rayleigh radiation pattern for the collapse of the
nuclear explosion HALF BEAKusing amplitudes which
were not corrected for the instrumental response.
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Figure 49, Rayleigh radiation pattern for the nuclear explosion
DUMONT using amplitudes which were not corrected for the
instruwiental.response.
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Rayleigh signals from four southern Nevada earthquakes
recorded at CR-NB.
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Figure 54, Rayleigh radiation pattern for the southern Nevada
earthquake of 18 August 1966 (09:152).
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Figure 55. Rayleigh radiation pattern for the southern Nevada
earthquake of 18 August 1966 (17:352).
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Figure 56. Rayleigh radiation pattern for the southern Nevada
earthquake of 19 August 1966 (10:15Z).
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Figure 57. Rayleigh radiation pattern for the southern Nevada
earthquake of 22 August 1966 (08:272).
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APPENDIX

TABULATION OF LONG PERIOD DATA
FOR SOME SOUTH NEVADA NUCLEAR
EXPLOSIONS AND EARTHQUAKES
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